Cold hardiness of leaf blades, leaf sheaths, culms, rhizomes, and leaf buds in wintering Sasa senanensis (Fr. et Sav.) Rehder, a dwarf bamboo, was studied paying special attention to the types ofresistance mechanisms which were determined with differential thermal analysis. Coincidence of LT25 (lethal temperature at which 25% of the tissues are injured) with the initiation temperature of LTE (low temperature exotherm) suggested that all of these tissues described above owe their cold hardiness mechanism mostly to deep supercooling. Deep supercooling in leaf blades was also substantiated with microscopic observations, suggesting that the units of supercooling were minute tissues compartmentalized by longitudinal and cross veins. It was also shown that cooling rates and storage of shoots at -5°C for 1 to 5 days in the ice-inoculated state did not greatly affect the supercooling ability of leaf blades. Sasa senanensis seemed to exhibit a unique strategy against prolonged subzero temperature, and its leaves would be a good system for the study on mechanisms of deep undercooling in plants.
LT25
(lethal temperature at which 25% of the tissues are injured) with the initiation temperature of LTE (low temperature exotherm) suggested that all of these tissues described above owe their cold hardiness mechanism mostly to deep supercooling. Deep supercooling in leaf blades was also substantiated with microscopic observations, suggesting that the units of supercooling were minute tissues compartmentalized by longitudinal and cross veins. It was also shown that cooling rates and storage of shoots at -5°C for 1 to 5 days in the ice-inoculated state did not greatly affect the supercooling ability of leaf blades. Sasa senanensis seemed to exhibit a unique strategy against prolonged subzero temperature, and its leaves would be a good system for the study on mechanisms of deep undercooling in plants.
Compared to these plants, Sasa senanensis (Fr. et Sav.) Rehder, a dwarf bamboo, seems unique as it will be shown in the present paper that most of its tissues, from leaf blades to rhizomes, employ deep supercooling (10) or persistent supercooling (14) as a mechanism of cold hardiness. This plant is also characterized by its leaves which possess small compartmentalized tissues as the units of supercooling, which are different from the known units of supercooling (a single cell or a group of cells) in xylem ray parenchyma (6) .
MATERIALS AND METHODS
Experiments were conducted with leaves, culms, leaf buds, and rhizomes of Sasa senanensis (Fr. et Sav.) Rehder (Bambusoideae), an evergreen shrub, growing on the campus of Hokkaido University. The current year shoots and rhizomes were Deep supercooling as a cold hardiness mechanism has been demonstrated in various temperate plant tissues such as xylem ray parenchyma of many wintering deciduous trees (1, 3, 18, 20, 22) , leaf buds (2, 23) and flower buds (4, 5, 9, 10, 17, 19, 20) of woody plants, and hydrated seeds of most temperate species (8, (10) (11) (12) . It has also been shown that some cases of deep supercooling measured by earlier investigators (1, 8, 11, 18, 20) at high cooling rates (10-30°C/h), especially those in primordial organs like leaf and flower primordia and seeds of smaller size, are better to be termed 'extraorgan freezing' (10) . Extraorgan freezing is characterized by ice segregation from the supercooled organs and their subsequent slow freeze dehydration at naturally occurring cooling rates, occasionally resulting in the survival below the homogeneous nucleation temperature ofdispersed fine water droplets (10) .
These searches for deep supercooling in various tissues eventually causes one to recognize the diversity of freezing behavior among tissues in wintering temperate woody plants. In temperature in a polyethylene bag, which had been ice-inoculated at -5C overnight, were cooled at hourly 5C decrements to -30°C. Bags were kept at each set temperature for at least 4 h and rewarmed at 0°C in air. Fifteen discs were incubated in 5 ml distilled H20 at 26°C for 6 h to measure b Leafblade segments were moistened with a little water prior to DTA to ensure ice inoculation.
c Leaf blades were stored at -5°C for 5 d with ice and subjected to DTA without being thawed.
leachate. The remaining discs were incubated for 1 week at room temperature for visual determination of injury. Cold hardiness of entire shoots including leaf blades, leaf sheaths, culms, leaf buds and that of rhizomes were also measured by cooling previously ice-inoculated (at -5C overnight) whole shoots and rhizomes at 5C decrements per 2 h and storing them at the desired temperatures for 1 d. Injury was rated visually after incubation at room temperature and by measuring the conductivity of the leachate as described above if necesary. Cold 6 cm), leaf sheaths (2 cm), culms (2 cm), culm nodes with leaf buds (1.5 cm), rhizomes (2 cm). In some experiments, samples were excised from shoots or rhizomes which had been kept at -5°C for. 1 to 5 d with ice inoculation and used for DTA without thawing the samples. In another experiment to check the correlation of exotherms to injury of leaf buds, leaf buds with culm nodes were taken out of the DTA chamberdNuring the course of cooling just before or after the exotherm emergence and the buds were incubated to rate injury visually. Water content was expressed as the percentage of fresh weight. Dry matter was determined after drying the plant materials at 70 to 80°C for 48 h.
As the leaves of Sasa were thin and almost translucent to intense light, the freezing process in leaf blades was observed with light cryomicroscopy. Leaf segments (about 5 x 5 mm) mounted in water were ice-inoculated between 0 and -3°C and cooled down to -30°C at the rate of 30C/h. To characterize the structure of leaf blade tissues, transverse and longitudinal hand sections were made and observed microscopically.
RESULTS
Cold Hardiness of S. sennais. Table I summarizes to -22°C in leaf blades, leaf sheaths, and culms while leaf buds and rhizomes turned out to be less hardy. Leafbuds and rhizomes were also characterized by higher water contents (compared to the other tissues [ Table I ]). LT25, that is, the temperature at which tissues begin to be injured was usually 1 to 3C higher than LTso. Cold hardiness of leaf blades was also determined visually with detached leaf blades and leaf discs (Fig. 2b) Figure 3a . When the leaf segment was moistened with a little water prior to DTA (Fig. 3b) , the HTE shifted to a slightly higher temperature and became larger, indicating the combined freezing of ambient moisture and water within the leaf which had produced the HTE in Figure 3a . No HTE was detected when DTA was carried out with leaf segments excised from leaf blades stored at -5C overnight with ice. HTE was produced in storage, before DTA. HTE was not related to injury of leaves and might arise from the freezing ofwater in vascular tissues and/or intracellular space. Contrarily, LTE was not greatly affected by storage at -5°C overnight (Fig. 3c) or by moistening with water ( Fig. 3b) and seems to be closely related to injury of leaf blades. As indicated in Figures 2 and 3 , an abrupt increase in leakage and visual injury of leaf discs occurred mostly after the emergence of LTE and slight injury before the start of LTE. LTE, seemed to be well correlated to LT25. Although it is usually the case to express cold hardiness with LTso, LTso did not necesarily correspond to LTEm(LTso being higher than LTEm, which was more typically shown in leaf sheaths or culms [ Fig. 4 Fig. 3c ; Table II ). These studies seem to indicate that the supercooling in leaf blades was stable for at least 1 to 5 d even when surrounded by external ice and may belong to persistent supercooling (14) which acts as a cold hardiness mechanism at prolonged subzero temperatures.
DTA profiles of tissues other than leaf blades are summarized in Figure 4 . In order to exclude the possibility of transient supercooling and to compare exotherms with the cold hardiness shown in Table I , DTA studies were conducted starting from -50C with tissues excised from entire shoots or entire rhizomes which had been stored at -50C for 1 Leafbuds for DTA were not excised from the nodes, but entire nodes with leaf buds cut from shoots which were previously stored at -5°C were used. As shown in Figure 4c , a node with leafbud exhibited a sharp exotherm emerging at -1 3.2°C besides the broad mountain-like LTE at -22.7°C. In this type of spikelike exotherm, correlation to cold hardiness should be judged from comparison of exotherms to LT50 rather than LT25. And yet the correlation was not necessarily good; LT50 was about 2°C lower than the average exotherm temperature. This was possibly due to the side effect of excision of the node, and/or to different cooling rates employed (DTA, 5°C/h; cold hardiness evaluation, 5°C/2 h). If the latter is the case, there is a possibility that slower cooling rates induced slow dehydration ofleafbuds and lowering of exotherms as in the case of extraorgan freezing (9, 10) . To further elucidate the relation between exotherms and injury of leaf buds, nodes with leaf buds subjected to DTA were taken out of the freezer at temperatures between -10 and -15°C, that is, immediately before and after the exotherm emergence (data not shown). It turned out that nodes rewarmed before the exotherm emergence had their leaf buds all alive and all killed when rewarmed just after the emergence. Leaf buds also seemed to be in a supercooled state before the emergence of exotherm and to owe their cold hardiness mechanism to supercooling or extraorgan freezing.
Microscopic Observations. To further substantiate the data of DTA, the freezing process was observed under cryomicroscopy with leaf blade segments. Sasa leaf blades have ladder-like veins as seen in Figure 5 . As the leaf segment mounted in water was cooled, water around the segment froze first at -20C; then, between -20 and -24°C, minute leaf tissues surrounded by longitudinal veins and cross veins (commissural veinlets) caused flashing one after another at random and darkened the field of the microscope. Supercooled leaf tissues nucleated in the temperature range (-20 to -24°C) that corresponded to LTE in Figure 3b . A small piece of leaf tissue compartmentalized by the minute longitudinal and cross veins appears to be the 'unit' of supercooling in the leaf blade of Sasa. In these observations it could not be determined whether mesophyll cells within the unit (Fig. 7) were killed by intracellular freezing or extracellular freezing upon the nucleation of the supercooled units. However, it is more tempting to consider that sudden freezing at -20'C or below results in lethal intracellular freezing. In either event the cells within the unit are considered to undercool as far as the supercooling of the unit is maintained.
When several units nearby froze, they could be detected with careful observation by naked eyes; groups of several frozen units formed dark green spots against unfrozen light green background, appearing like check patterns (Fig. 6) . One can easily recognize the emergence of LTE by observing the appearance of these patterns on the leaf during the cooling steps of cold hardiness evaluation.
The structure ofthe units was further observed microscopically with cross and longitudinal hand sections of leaf blades (Fig. 7) . What was recognized as longitudinal and cross veins in Figure 6 were composed of vascular bundles, bundle sheath cells, and sclerenchyma developed on adaxial and abaxial sides of the bundles (longitudinal veins) ( 16) (21) , wheat (24) , and Citrus species (25) . However, in the case ofSasa some portion ofplant water, probably in vascular tissues, froze first as revealed by HTE, and the remaining water, mostly in vital tissues, seemed to avoid freezing by persistent supercooling which has been shown to be stable even in the prolonged ice-inoculated state (Table II) (6) , the unit of deep supercooling in xylem ray parenchyma is a single cell or a group of cells rather than a ray as a whole. As shown in Figure 7 , the unit of Sasa leaves contained numerous mesophyll cells. However, it did not seem that these cells individually supercool, but that the cells in a unit share the same fate, supercooling or lethal freezing. In any case, leaf blades of Sasa seem actually to be a very good material to investigate the mechanisms of undercooling since they do not require mechanical sectioning to observe their freezing process in contrast to the case of xylem ray parenchyma.
So far considerable knowledge has been accumulated on the mechanisms of cold acclimation, mostly with tissues which undergo extracellular freezing (15) . Contrarily, few attempts (7) have been made to clarify the cytological mechanisms of cold acclimation in tissues which undergo deep supercooling or extraorgan freezing. A recent study of the author on Sasa leaves has indicated seasonal changes in the cold hardiness and possible involvement of protoplasmic contents in the cold acclimation. Sasa leaves are not so mechanically hard as xylem tissues of woody plants and most living tissues avoid freezing in contrast to xylem tissues in which only ray parenchyma do. These features would also make Sasa leaf blades an interesting material for the study of physiological and biochemical aspects of cold acclimation in tissues which owe their cold hardiness mechanism to deep supercooling.
